UV RESISTANCE LOCUS8 (UVR8) signaling involves CONSTITUTIVELY PHOTOMORPHOGENIC1, the ELONGATED HYPOCOTYL5 (HY5) transcription factor, and the closely related HY5 HOMOLOG. Some UV-B responses mediated by UVR8 are also regulated by nitric oxide (NO), a bioactive molecule that orchestrates a wide range of processes in plants. In this study, we investigated the participation of the UVR8 pathway and its interaction with NO in UV-B-induced stomatal movements in Arabidopsis (Arabidopsis thaliana). Stomata in abaxial epidermal strips of Arabidopsis ecotype Landsberg erecta closed in response to increasing UV-B fluence rates, with maximal closure after 3-h exposure to 5.46 mmol m -2 s -1 UV-B. Both hydrogen peroxide (H 2 O 2 ) and NO increased in response to UV-B, and stomatal closure was maintained by NO up to 24 h after the beginning of exposure. Stomata of plants expressing bacterial NO dioxygenase, which prevents NO accumulation, did not close in response to UV-B, although H 2 O 2 still increased. When the uvr8-1 null mutant was exposed to UV-B, stomata remained open, irrespective of the fluence rate. Neither NO nor H 2 O 2 increased in stomata of the uvr8-1 mutant. However, the NO donor S-nitrosoglutathione induced closure of uvr8-1 stomata to the same extent as in the wild type. Experiments with mutants in UVR8 signaling components implicated CONSTITUTIVELY PHOTOMORPHOGENIC1, HY5, and HY5 HOMOLOG in UV-B-induced stomatal closure. This research provides evidence that the UVR8 pathway regulates stomatal closure by a mechanism involving both H 2 O 2 and NO generation in response to UV-B exposure.
Plants, as sessile organisms that require sunlight to grow and develop, are inevitably exposed to UV wavelengths (200-400 nm), which represent almost 7% of the electromagnetic radiation emitted from the sun. UV-C and much of the UV-B radiation (280-315 nm) is absorbed by stratospheric ozone, but some UV-B is transmitted to the Earth's surface. High doses of UV-B may damage macromolecules, including DNA, and induce the production of reactive oxygen species (ROS), affecting cell integrity and viability (Jordan, 1996; Brosché and Strid, 2003; Frohnmeyer and Staiger, 2003) . However, UV-B is also a signaling stimulus that regulates various metabolic and developmental processes and modifies plant architecture (Jansen, 2002; Frohnmeyer and Staiger, 2003; Jenkins, 2009; Heijde and Ulm, 2012; Jansen and Bornman, 2012) . Research undertaken in recent years has facilitated understanding of the initial mechanisms of UV-B perception and signaling in plants. The UV RESISTANCE LOCUS8 (UVR8) protein has been established as a UV-B photoreceptor that mediates photomorphogenic responses to UV-B (Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012) . The initial perception of UV-B by UVR8 is followed by interaction with CONSTITU-TIVELY PHOTOMORPHOGENIC1 (COP1; Favory et al., 2009; Cloix et al., 2012) . Together, UVR8 and COP1 are required to stimulate transcription of the gene encoding the ELONGATED HYPOCOTYL5 (HY5) transcription factor (TF; Brown et al., 2005; Oravecz et al., 2006) . HY5, sometimes acting redundantly with the closely related HY5 HOMOLOG (HYH), mediates many gene expression responses regulated by UVR8 (Brown et al., 2005; Brown and Jenkins, 2008; Favory et al., 2009 ). UVR8 regulates morphogenic responses to UV-B, such as inhibition of hypocotyl elongation (Favory et al., 2009) , and is necessary for the UV-B-stimulated increase in stomatal index (Wargent et al., 2009) .
Plants regulate stomatal movements to control CO 2 influx and water loss, which critically affect whole plant growth and physiology. Stomatal movements are regulated by a variety of factors that stimulate opening and closure (Kim et al., 2010; Araújo et al., 2011; Chen et al., 2012) . It has been reported that stomatal movement may be influenced by UV-B, and the response observed (opening or closure) is dependent on the fluence rate (Nogues et al., 1999; Jansen and Noort, 2000; Eisinger et al., 2003; He et al., 2005 He et al., , 2013 . Jansen and Noort (2000) found that UV-B may induce closure or opening in Vicia faba stomata, depending on the dose. Similarly, in Arabidopsis (Arabidopsis thaliana), very low fluence rates of UV-B stimulate stomatal opening (Eisinger et al., 2003) , whereas a higher irradiance induces stomatal closure in the wild-type ecotype Wassilewskija (Ws; He et al., 2013) . However, it is unknown whether UVR8 participates in the regulation of stomatal aperture by UV-B. He et al. (2005 He et al. ( , 2011a He et al. ( , 2011b ) have provided convincing evidence for the participation of hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) as signaling molecules in UV-B-induced stomatal closure. NO is a ubiquitous bioactive molecule, produced in plants by enzymatic and nonenzymatic routes (for review, see Wilson et al., 2008) . NO orchestrates a wide range of processes in plants. For example, NO acts as a signal in disease resistance (Delledonne, 2005) , regulates stomatal closure (García-Mata and Lamattina, 2001) , and stimulates germination (Beligni and Lamattina, 2000) . NO has also been proposed to be a broad-spectrum antistress molecule CorreaAragunde et al., 2007) , because it confers protection against oxidative stress produced by diquat, UV-B, drought, and salt (Beligni and Lamattina, 2000; García-Mata and Lamattina, 2001; Zhao et al., 2004; Shi et al., 2005; Tossi et al., 2009 Tossi et al., , 2011 Tossi et al., , 2012 . It was reported that NO increases as a consequence of UV-B irradiation in bacteria, animals, and plants (Seo et al., 2002; An et al., 2005; Qu et al., 2006) . Our previous results show that NO helps to protect plants against damage by UV-B in two ways: scavenging ROS and increasing flavonoid concentration by promoting the expression of HY5 and MYB12, TF genes regulated by UVR8 (Tossi et al., 2011) . However, to date, no links between UVR8-induced signaling and NO production have been reported.
In this work, we investigated the involvement of the UVR8 pathway in UV-B-induced stomatal movements in Arabidopsis. Using mutants of the UVR8, COP1, HY5, and HYH genes, we conclude that UVR8 signaling elicits both H 2 O 2 and NO generation in response to UV-B irradiation. The NO thus produced causes the stomatal closure, limiting water loss and preventing cell injury.
RESULTS

UV-B Induces Stomatal Closure in Arabidopsis
To determine the effect of UV-B on stomatal movement in Arabidopsis leaves of wild-type ecotype Landsberg erecta (Ler), epidermal strips were obtained and placed on MES-KCl buffer under white light for 3 h to induce stomatal opening. After performing time courses supplementing the white light with increasing UV-B fluence rates (Supplemental Fig. S1 ), we chose 3 h of irradiation as an optimal time to evaluate responses. The tested UV-B fluence rates were 0.83, 1.54, 2.73, 4.03, and 5.46 mmol m -2 s -1
, which represent a broad ambient range of UV-B fluence rates reaching the Earth (Piazena, 1996; Zacheret al., 2007; Norsanget al., 2009) ; for comparison, the UV-B fluence rate in Glasgow, Scotland on a clear midsummer's day measured using the same sensor was 4.5 mmol m -2 s -1 . Three hours after the start of UV-B irradiation, stomatal aperture was analyzed. As Figure 1 In experiments where data were collected at the end of the UV-B irradiation, it was shown that NO and H 2 O 2 generation is required for UV-B-induced stomatal closure (He et al., 2005 (He et al., , 2011a (He et al., , 2011b . In an alternative approach, we were interested to study the stomatal response both during and after the end of the irradiation. With this goal, epidermal strips were irradiated for 3 h with 5.46 mmol m -2 s -1 UV-B, and parameters were recorded during exposure and up to 24 h after the start of exposure. NO and H 2 O 2 levels were measured using the NO-specific fluorescent probe 4,5-diaminofluorescein diacetate (DAF-FM-DA) and H 2 O 2 fluorescent probe 29,79-dichlorofluorescin diacetate (H 2 DCFDA). Figure 2A shows that the stomatal closure was maximal 3 h after the beginning of irradiation (this section is identical to Supplemental Fig. S1C but is replicated to provide a better understanding of the relationship between stomatal closure, NO, and H 2 O 2 production). Figure 2 , B and C, show that NO and H 2 O 2 began to increase 1 h after the beginning of the UV-B radiation, reaching the maximum at 3 h. Maximal stomatal closure was coincident with the NO and H 2 O 2 highest concentration. Thus, the maximum effects of UV-B were achieved at 3 h. Interestingly, NO and H 2 O 2 remained strikingly high until 12 h and slightly decreased at 24 h while the stomata remained closed, suggesting that UV-B-induced stomatal closure is sustained by NO and H 2 O 2 almost 24 h after the start of irradiation. Because viability in strips was reduced to 40% at this time, measurements were performed only in the viable stomata.
The NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide has been used to demonstrate that NO participates in the UV-Binduced stomatal closure (He et al., 2005) . However, the use of this compound is controversial because it could be toxic depending on its concentration or exposure time. Moreover, some interference was reported between 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide and the NO probe DAF-FM-DA (Arita et al., 2007) . Thus, we prefer to use an Arabidopsis transgenic line to evaluate the effect of endogenous NO on the UV-B-induced stomatal closure and the relationship between NO and H 2 O 2 . This line expresses a bacterial NO dioxygenase (NOD) under the control of a dexamethasone (DEX)-inducible promoter (Zeier et al., 2004) . NOD expression in Arabidopsis results in decreased endogenous NO levels (Zeier et al., 2004) . Figure 3A shows that stomata were closed after UV-B irradiation. However, in DEX-treated plants, stomata remained open. Figure 3 , B and C, show that both NO and H 2 O 2 increased in UV-B-irradiated stomata. Nevertheless, when leaves were treated with DEX before irradiation, NO did not increase, confirming the NO degradation by NOD. Interestingly, the H 2 O 2 levels were not affected by DEX treatment after UV-B exposure, indicating that the H 2 O 2 rise induced by UV-B is not dependent on NO. Thus, stomata were closed when NO is present but irrespective of the H 2 O 2 concentration. Together, these results indicate that H 2 O 2 and NO are increased by UV-B, but only NO is necessary to induce stomatal closure. It has been demonstrated recently that Arabidopsis UVR8 is a UV-B photoreceptor, regulating the expression of genes involved in UV-B responses (Brown et al., 2005; Favory et al., 2009; Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012) . Some photomorphogenic responses driven by UVR8 influence plant morphology (Favory et al., 2009; Wargent et al., 2009) . Furthermore, UVR8 regulates the stomatal index in response to UV-B (Wargent et al., 2009) .
To determine whether UVR8 could be involved in regulation of stomatal movement, epidermal strips of the uvr8-1 (UVR8 null mutant; Kliebenstein et al., 2002) and wild-type (Ler ecotype) lines were exposed to low
), and high (5.46 mmol m -2 s -1 ) UV-B fluence rates for 3 h. Stomatal aperture and NO and H 2 O 2 levels were measured 3 h after the end of the irradiation. Figure 4A shows that stomata of both genotypes were similar in nonirradiated epidermal strips, where they were open. Figure 4 , A and B, show that when wild-type stomata were irradiated with a low UV-B fluence rate (0.83 mmol m -2 s -1 ), stomata remained open, similar to the nonirradiated control. However, when the strips were exposed to medium (2.73 mmol m -2 s -1 ) and high (5.46 mmol m -2 s -1 ) UV-B fluence rates, stomatal apertures were reduced. By contrast, in uvr8-1 epidermal strips, stomata remained open even at the highest UV-B fluence rate. However, if a 100-mM concentration of the NO donor S-nitrosoglutathione (GSNO) was applied, uvr8-1 irradiated stomata closed to the same extent as the wild type. GSNO was able to induce stomatal closure at several concentrations both in wild-type and uvr8-1 epidermal strips (Supplemental Fig. S2 ).
Epidermal strips are currently utilized to study the signals regulating stomatal closure. While this methodology evaluates events occurring in a single cell type, some responses may depend on the interaction of various cell types. The porometer is used to analyze stomatal conductance in planta and that may be a more physiological approach than using epidermal strips. A greater conductance denotes increased stomatal opening, and conversely, a decrease in conductance indicates stomatal closure. To examine the role of UVR8 in stomatal closure induced by UV-B, we analyzed the stomatal conductance in uvr8-1 and Ler leaves in response to different UV-B fluence rates. With this aim, 4-week-old plants were exposed for 3 h to increasing UV-B fluence rates, and immediately, stomatal conductance was measured. Figure 4C shows that in basal conditions (no UV-B), Ler plants have the same conductance as uvr8-1 mutants. The exposure of Arabidopsis to increasing UV-B fluence rates induces a gradual reduction of the conductance, down to 40% in Ler plants for the highest UV-B exposure. However, in uvr8-1 plants, the conductance stays at almost 85% at the highest UV-B fluence rate. GSNO was again able to reduce the conductance to almost 25% both in wild-type and uvr8-1 irradiated plants. These results validate those obtained in strips. Hence, we decided to continue working with epidermal strips, which have proven to be a more practical system.
An explanation for the results obtained for stomatal closure in UV-B-exposed uvr8-1 mutant is that UVR8 is required for NO production. An alternative explanation is that stomata were damaged (for example, by UV-induced ROS), and NO production promoted recovery from this stress. To test this latter possibility, we examined the viability of irradiated guard cells as well as the ability of abscisic acid (ABA) to induce ) for 3 h (+UV-B) or not in controls (-UV-B). A, Stomatal apertures were measured in epidermal strips. B, Stomatal NO was assayed as DAF-FM-DA fluorescence. C, Stomatal H 2 O 2 was assayed as H 2 DCFDA fluorescence. Values are the means 6 SE of six independent experiments (n = 80). Means with different letters denote statistical differences at P , 0.05, according to one-way ANOVA.
closure, a typical stomatal response (Bright et al., 2006) .
Ler and uvr8-1 epidermal strips were exposed to UV-B, and viability was measured using the fluorescent probe fluorescein diacetate. Figure 5A shows that both Ler and uvr8-1 stomata had 80% viability in white light, and viability decreased to 70% after treatment with UV-B. To assess whether the stomata would be able to close in response to ABA, irradiated strips were treated with 10 mM ABA, and stomatal aperture was measured. The stomatal aperture of both Ler and uvr8-1 was reduced in response to 10 mM ABA after UV-B exposure (Fig. 5B) . In addition, the dose-response relationship for stomatal closure following GSNO treatment (Supplemental Fig. S2) shows the same behavior for both the wild type and uvr8-1. These results suggest that the differential response in stomatal closure induced by UV-B in Ler and uvr8-1 was not due to cell damage or cell death. Together, these results indicate that UVR8 has an important role in the regulation of stomatal movements in response to UV-B, which could be linked to NO production. To further investigate the involvement of UVR8 in the UV-B-induced stomatal closure response, stomatal aperture, H 2 O 2 , and NO were measured in irradiated wild-type and uvr8-1 plants. Figure 4B shows that increasing UV-B fluence rates induced stomatal closure in Ler plants but not in uvr8-1 mutants. NO and H 2 O 2 were measured in the same experiments. Figure 6 , A to C, shows that both NO and H 2 O 2 increasingly accumulated in the guard cells of Figure 4 . Effect of UV-B on stomatal closure in Ler and uvr8-1 Arabidopsis plants. Abaxial epidermal strips of Ler and uvr8-1 plants were incubated in opening buffer and white light for 3 h and then exposed to different fluence rates of UV-B for 3 h. Where indicated, 100 mM of the NO donor GSNO was applied after irradiation. A, Images of guard cells exposed to different fluence rates of UV-B radiation (0.83, 2.73, and 5.46 mmol m -2 s -1 ). Bar = 5 mm. B, Stomatal apertures were measured in epidermal strips. Data are the average 6 SE of 60 to 90 stomata measured in three independent experiments. The letters denote significant differences from control (P . 0.05). C, Stomatal conductance in Ler and uvr8-1 leaves exposed to increasing UV-B fluence rates. Four-week-old Ler and uvr8-1 plants were exposed for 3 h to the UV-B fluence rates indicated. Stomatal conductance was determined by the leaf gas exchange system QUBIT. The measurement was performed at the end of the exposure. Conductance values are expressed as millimoles of water per square meter per second and represent the mean 6 SE of at least 10 independent experiments. The letters indicate significant differences from control of each line (Student's t test, P . 0.05).
irradiated Ler epidermal strips at medium and high UV-B fluence rates. By contrast, the slight reduction in uvr8-1 stomatal aperture was coincident with a minor increase of NO and H 2 O 2 even at the highest UV-B fluence rate.
These results indicate that the reduction in stomatal aperture in Ler stomata is correlated with augmented levels of NO and H 2 O 2 and that null UVR8 mutants have impaired production of NO and H 2 O 2 and, in consequence, diminished capacity to regulate stomatal movements in response to UV-B. We conclude that UVR8 mediates the regulation of UV-B-induced stomatal closure through a pathway involving NO and H 2 O 2 .
COP1, HY5, and HYH, Key Elements in UVR8 Signaling Pathway, Are Involved in the Regulation of UV-B-Induced Stomatal Closure
The perception of UV-B by UVR8, followed by interaction with COP1 and regulation of the TFs HY5 and HYH, has emerged as a primary mechanism of the UV-B photomorphogenic response that is crucial for UV-B acclimation and tolerance (Rizzini et al., 2011; Christie et al., 2012; Heijde and Ulm, 2012; Jansen and Bornman, 2012; Wu et al., 2012) .
To evaluate if COP1, HY5, and HYH are also involved in stomatal closure induced by UV-B, epidermal strips of Arabidopsis mutants cop1-4, hy5-ks50 Figure 5 . Cell viability and response to ABA in epidermal strips of Ler and uvr8-1 plants exposed to UV-B. Epidermal strips of Ler and uvr8-1 plants were incubated for 3 h in opening buffer and white light and then exposed to different fluence rates of UV-B for 3 h. A, Cell viability images and fluorescence intensity quantification. At the end of UV-B, exposure strips were incubated in 5 mM fluorescein diacetate for 5 min. Fluorescence was detected by microscopy to determine the percentage viability (fluorescent stomata/total number of stomata 3 100). Bar = 5 mm. B, Stomatal closure induction by ABA, after UV-B exposure strips were incubated in 10 mM ABA for 30 min. The stomatal aperture is shown as the mean 6 SE. The results show the average of at least three independent experiments (n . 90). Means with different letters denote statistical differences from control (-UV-B) at P , 0.05, according to one-way ANOVA. [See online article for color version of this figure. ] Figure 6 . Effect of increasing UV-B on NO and H 2 O 2 levels in stomata of Ler and uvr8-1 plants. Epidermal strips of Ler and uvr8-1 plants were incubated in opening buffer and white light for 3 h and then exposed to different fluence rates of UV-B for 3 h. Strips were then incubated with 10 mM of the fluorescent probe DAF-FM-DA (for NO detection) or 10 mM of the fluorescent probe H 2 DCFDA (for H 2 O 2 detection) for 10 min. A, Images of stomatal closure and NO and H 2 O 2 fluorescence intensity. B and C, Quantification of pixel intensities for NO (B) and H 2 O 2 (C) levels. Bar = 5 mm. Data are the average 6 SE of 60 to 90 stomata measured in three independent experiments. The letters denote significant differences from control at P , 0.05, according to oneway ANOVA. [See online article for color version of this figure. ] (Oyama et al., 1997) , hyh, and the double mutant hy5-ks50,hyh were exposed to UV-B for 3 h. Stomatal closure and the production of NO and H 2 O 2 were then determined. The background lines of these mutants Ws (for hy5-ks50 and hyh) and ecotype Columbia (Col-0; for cop1-4) were used as controls. Figure 7A shows that UV-B induced a maximal reduction in stomatal aperture in strips of Ws and Col-0. By contrast, irradiated cop1-4 stomata were slightly closed. The single hy5-ks50 and hyh mutants had an intermediate response to UV-B, but in the hy5-ks50,hyh double mutant, the stomatal response was similar to that of cop1. Figure 7 , B and C, show that in Ws, the production of NO and H 2 O 2 were greatly increased in strips exposed to UV-B. The cop1-4, hy5-ks50, hyh, and hy5-ks50, hyh mutants showed only small differences in NO and H 2 O 2 production in response to UV-B. Additionally, Supplemental Fig. S3 shows that nonirradiated stomata of the wild type and the mutant lines showed increased stomatal closure and NO concentration when they were treated with 100 mM GSNO. These observations indicate that stomata of all the mutants have the same capacity to respond to GSNO as the wild type under non-UV-B conditions. Based on these results, we conclude that COP1 and HY5/HYH act with UVR8 in the UV-B signaling pathway responsible for stomatal closure and that this pathway involves NO and H 2 O 2 .
DISCUSSION
In this report, we show that the UVR8 photoreceptor is required to regulate stomatal movements in response Figure 7 . Effect of UV-B on stomatal closure and NO and H 2 O 2 levels in mutants of UVR8 signaling pathway. Abaxial epidermal strips of Col-0, Ws, cop1-4, hy5-ks50, hyh, and hy5-ks50, hyh were incubated in opening buffer and white light for 3 h and then exposed to 5.46 mmol m -2 s -1
UV-B for 3 h (+UV-B) or not in controls (-UV-B).
A, Stomatal apertures measured after UV-B exposure. B and C, After UV-B treatment strips were incubated for 10 min with 10 mM of the fluorescent probe DAF-FM-DA for NO detection (B) or 10 mM of the fluorescent probe H 2 DCFDA for H 2 O 2 detection (C). Data are the average 6 SE of 60 to 90 stomata measured in three independent experiments. The letters denote significant differences from control. Means with different letters are significantly different between treatments (Student's t test, P . 0.05).
to UV-B exposure. This finding extends the number of UV-B responses known to be mediated by UVR8. Moreover, this study has characterized key regulatory roles for the UVR8 signaling components COPI, HY5, and HYH in the stomatal response to UV-B. Furthermore, we show that the UVR8 pathway controls stomatal movement through H 2 O 2 and NO production. Stomatal aperture was greatly influenced by the UV-B fluence rate. The lowest fluence rate employed did not induce closure, but significant closure was observed at 1.54 mmol m -2 s -1 after 3 h of irradiation. Following 3 h exposure to the highest fluence rate (5.46 mmol m -2 s -1
), closure was maintained for almost 24 h. The UV-B treatments used in this work correspond to a range of ambient UV-B fluence rates. The intensity of UV-B radiation reaching the Earth's surface, however, varies widely around the globe, and factors such as altitude and latitude account for this variation. For example, in Lhasa (Tibet), a high-altitude area of the world, the maximum value for the UV-B irradiance was 3.96 W m Zacheret al., 2007) . By contrast, at low altitude (e.g. in Glasgow, Scotland), in winter under cloud cover, the UV-B radiation could be less than 0.1 mmol m -2 s -1 . The response to UV-B is related additionally to the level of photosynthetically active radiation (PAR). Jansen and Noort (2000) reported that a UV-B irradiance similar to that used in our work (approximately 5.2 mmol m -2 s -1 for 3 h) stimulated stomatal closure when applied with low PAR but promoted opening when given at high PAR. Neither of these effects were readily reversed 24 h after the end of irradiation, consistent with our finding that stomatal closure is maintained by the high levels of NO remaining almost 24 h after UV-B exposure. It has been demonstrated that low levels of UV-B induce NO and ROS in some tissues and plant species (Zhang et al., 2003; An et al., 2005; He et al., 2005 He et al., , 2013 Qu et al., 2006) . However, in our work, the low UV-B radiation used did not induce NO and H 2 O 2 production, explaining the lack of stomata closure.
It was reported that stomatal movements are regulated by NO (García-Mata and Lamattina, 2001) and that H 2 O 2 induces NO generation in guard cells (He et al., 2005; Bright et al., 2006) . Our results, obtained with the inducible NOD transgenic line, show that UV-B-irradiated stomata stay open at low levels of NO, even though H 2 O 2 remained high. This suggests that NO regulates stomatal movements irrespective of the presence of H 2 O 2 . Nevertheless, we cannot rule out the influence of H 2 O 2 , because in the NOD plants, H 2 O 2 is already present with NO prior to the induction of NOD, which initiates NO degradation. Thus, NO may need the H 2 O 2 burst to be generated and even to induce the stomatal closure. Once closed, NO may be sufficient to maintain stomatal closure. These results agree in part with those of He et al. (2013) . These authors presented genetic and pharmacological evidence that Arabidopsis with impaired H 2 O 2 production neither produce NO nor regulate stomatal movements in response to UV-B. The response was rescued by the NO donor sodium nitroprusside (SNP). Moreover, mutants in NO production lacked UV-B-induced stomatal closure that could not be compensated by H 2 O 2 . Together, these results confirm the essential role of H 2 O 2 and NO production in UV-B-induced stomatal closure.
UVR8 signaling mediates several photomorphogenic responses to UV-B, including the suppression of hypocotyl elongation, stomatal differentiation, and the synthesis of UV-protective flavonoids and anthocyanins. NO is also reported to inhibit hypocotyl elongation (Beligni and Lamattina, 2000; Lozano-Juste and León, 2011) and to induce flavonoid and anthocyanin accumulation (Tossi et al., 2011) . By contrast, mutants of UVR8 and the signaling components COP1 and HY5 are impaired in the inhibition of hypocotyl elongation and induction of flavonoids and anthocyanins following UV-B irradiation (Oravecz et al., 2006; Favory et al., 2009 ). These mutant phenotypes are similar to NO depletion effects. In this paper, we show the first evidence of a link between the UVR8 pathway and NO-regulated processes, because Arabidopsis mutants defective in UVR8 signaling components show impaired NO production and abrogated stomatal closure. It will be very interesting to determine if the regulation of other processes mediated by UVR8 involves NO. The network of UV-B-regulated signaling pathways is a subject of growing interest. The first evidence about the role of plant NADPH oxidase (pNOX) and NO in responses to UV-B comes from the pharmacological experiments of AH-Mackerness et al. (2001) in Arabidopsis. In that work, ROS and NO production were reported as independent events. However, further work showed that pNOX-produced H 2 O 2 is related to NO induction (He et al., 2005) . We have reported that UV-B perception by plants triggers an increase in ABA concentration, which activates pNOX and H 2 O 2 generation. Then, through a NO synthaselike-dependent mechanism, NO production increases to maintain cell homeostasis and attenuate UV-Binduced cell damage (Tossi et al., 2009) . Moreover, we suggested that ABA is a component of the UV-B response both in plant and animal cells (Tossi et al., 2012) .
Regarding guard cells, the impaired NO production by ABA in nia1,nia2 nitrate reductase mutants (Bright et al., 2006) and in atrbohD/F NADPH oxidase double mutant is an indication of the crucial roles of nitrate reductase and pNOX in stomatal movements. Furthermore, He et al. (2013) provided convincing evidence for a signaling pathway leading to UV-B-induced stomatal closure in Arabidopsis, which involves G protein a-subunit (PA1)-dependent activation of H 2 O 2 production by pNOX and subsequent Nia1-dependent NO accumulation.
Autonomous guard cell ABA synthesis in response to a reduction in relative humidity was demonstrated by Bauer et al. (2013) . However, the UVR8 pathway is evidently important in the stomata response to UV-B, because, although the irradiated uvr8 mutant guard cells still induce some NO production, probably through the ABA pathway, it is insufficient to promote stomatal closure.
Here, we propose a model for UVR8 signaling in guard cells (Fig. 8) . This model suggests that UV-B perception by the UVR8 dimer is followed by interaction of UVR8 monomer with COP1 in the nucleus, which stimulates expression of HY5/HYH TFs. In parallel, UV-B raises ABA, which could activate pNOX increasing H 2 O 2 generation. Some ABA-responsive genes are also regulated by HY5 (Chen et al., 2008) . Moreover, in chromatin immunoprecipitation and microarray experiments, it was demonstrated that some genes responsible for ABA biosynthesis are induced by HY5 (Lee et al., 2007) . Stomatal NO production was mainly related to ABA-induced H 2 O 2 produced by pNOX. However, it was reported by Jonassen et al. (2008 Jonassen et al. ( , 2009 ) that HY5/HYH may also regulate the expression and activity of nitrate reductase. Finally, once produced by the UVR8 and ABA pathways, NO deactivates inward-rectifying K + channels and activates anion channels, contributing to the loss of the turgor pressure that causes stomatal closure . Further work is required to fully understand the cross talk between ABA-and UVR8-regulated signaling pathways in stomatal movement triggered by UV-B.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The following Arabidopsis (Arabidopsis thaliana) lines were used for this study: Ler, Col-0, Ws, the COP1 mutant cop1-4 (McNellis et al., 1994) , null mutants of UVR8 (uvr8-1; Kliebenstein et al., 2002) , HY5 (hy5-ks50; Oyama et al., 1997) , and HYH (hyh; Holm et al., 2002) , the double mutant hy5-ks50,hyh (Holm et al., 2002) , and Arabidopsis plants expressing the DEX-inducible NOD (Zeier et al., 2004 ; seeds were kindly provided by Jurgen Zeier, University of Fribourg).
Plants were grown on a mixture of soil:vermiculite (3:1, v/v) at 25°C under a 14-h-light/10-h-dark photoperiod and a relative humidity of 70%. PAR during the day period was 200 mmol m 
UV-B Treatments
UV-B irradiation was carried out in controlled-environment rooms at 20°C. Plants were exposed to white light supplemented with UV-B. White light was provided by Osram warm-white fluorescent tubes. Fluence rates of white light (PAR, 400-700 nm) were measured using a Skye Spectrosense-1 m equipped with a Quantum sensor (Skye Instruments).
UV-B was obtained from UVB-313 UV fluorescent tubes (Q-Panel) covered with cellulose acetate (West Design Products) to filter out UV-C radiation (,280 nm) and short-wave UV-B (,290 nm). Fluence rates of UV-B (280-315 nm) were measured either by a Skye Spectrosense-1 m equipped with a SKU 430 sensor or using a Macam spectroradiometer (model SR9910; Macam Photometrics).
Stomatal Aperture
The stomatal experiments were performed with epidermis (epidermal strips) peeled from the abaxial surface of fully expanded leaves of 4-week-old plants. The strips were preincubated at 25°C in the light for 3 h in opening buffer (10 mM MES and 10 mM KCl, pH 6.1) under white light to promote stomatal opening before treatments (Distéfano et al., 2012) . Then, strips were treated with different UV-B fluence rates for different durations, as indicated in each experiment. When indicated, strips were treated with different concentrations of the NO donor GSNO for 30 min or incubated in 10 mM ABA for 30 min after UV-B exposure. All chemicals were obtained from Sigma-Aldrich.
The pore size of stomata was digitally calculated using the image analysis software ImageJ 1.3 (National Institutes of Health). The images were obtained with a confocal Eclipse Ti microscope (Nikon). Aperture values are the mean of 80 to 100 stomata measured from at least three independent experiments. Values are expressed as mean 6 SE. Differences between means were statistically analyzed using Sigma Plot 9 software.
NO and H 2 O 2 Quantification
NO and H 2 O 2 levels in stomata were detected with specific fluorescent probes DAF-FM-DA and H 2 DCFDA, respectively. Epidermal strips of 4-week-old Arabidopsis plants were incubated in opening buffer for 3 h in the light and then exposed to different UV-B fluence rates for different times. The strips were incubated for 30 min with 10 mM DAF-FM-DA or 10 mM H 2 DCFDA and washed three times with opening buffer to remove residual probe. Samples were examined by confocal microscopy (excitation, 490 nm; emission, 525 nm) in an Eclipse Ti microscope (Nikon). For quantification of fluorescence, the whole stomata areas of the micrographs were analyzed using the ImageJ 1.3 software. Fluorescence was expressed as arbitrary units.
Measurement of Stomatal Conductance
Stomatal conductance was measured in 4-week-old Ler and uvr8-1 Arabidopsis plants after 3 h of UV-B treatment, using a CO 2 analyzer system (QUBIT, CO650 CO 2 Plant Analysis) according to the manufacturer's instructions.
Cell Viability
Cell viability was measured with fluorescein diacetate, which produces green fluorescence in live cells. Epidermal strips were incubated in opening buffer in the light for 3 h and then treated with 5 mM of fluorescein diacetate for 5 min. The fluorescence was observed with a Nikon Eclipse E200 microscope, with excitation at 488 nm and emission at 505 to 530 nm. The images were digitized with a Nikon Coolpix 990 camera. Fluorescence was quantified as indicated above.
Statistical Treatment of Data
Values are expressed as means with their SE, being the result of at least three independent experiments. Sigma Plot 9 and Sigma Plot 11 software were used for statistical data analysis.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Effect of increasing UV-B fluence rate on stomatal closure over a time course in Arabidopsis plants.
Supplemental Figure S2 . Effect of increasing NO concentrations on stomatal aperture.
Supplemental Figure S3 . Effect of GSNO on stomatal closure and NO and H 2 O 2 levels in mutants of UVR8 signaling pathway.
